This paper describes general trends in the redox potential and solubility of a dimercaptan, 2,5,-dimercapto-1,3,4-thiadiazole (DMcT), and its various derivatives in acetonitrile, and illustrates how these trends manifest in the cyclic voltammetry observed at glassy carbon electrodes. Attention is focused on the polymerization/depolymerization processes which are the origins of the excellent charge-storage capabilities of electrodes based on the DMcT family of compounds. The extent of oligomerization/polymerization of DMcT at glassy carbon is shown to increase with increasing overpotential and/or oxidation time, as judged from its subsequently observed quasi-stable depolymerization wave. Oxidation of dimer DMcT results in extensive precipitation onto the electrode, relative to that observed for oxidation of monomer DMcT, as expected in light of solubilities observed for those compounds in acetonitrile. The protonation state of the compounds is shown to have a considerable effect on both their solubility and, as reported previously in part, redox potential. Similarly, chemical coupling of the redox processes of these compounds to their protonation state and, for DMcT, to a disproportionation reaction known to occur for its oxidation product(s) complicates analysis of the system as a whole. However, from consideration of all of the observed trends, a general picture emerges illustrating the redox character of DMcT during polymerization and depolymerization. Most importantly, it is shown that the electrochemical irreversibility typical of those processes can be avoided by careful control of the protonation state and solubility of the electroactive species, allowing the measurement of quasi-reversible redox couples. That and other results are discussed in the context of the use of DMcT in secondary battery electrodes. 
Introduction
Secondary cells based on the transference of lithium ions have been the focus of worldwide research during the last few decades.1 These efforts have been stimulated recently by increasing demand for batteries with high gravimetric and/or volumetric energy densities. Because the energy densities of present-day lithium and lithium-ion cells are limited by the properties of the cathodes (positive electrodes), a large part of the work on these systems has focused on identifying and developing promising new cathode materials. The use of organosulfur materials as lithium battery cathodes, first suggested by Visco et al.,2 has met with some success.a
The organosulfur compound which has received the lion's share of attention in this context is 2,5-dimercapto-1,3,4-thiadiazole (DMcT). This compound has been identified3 to be an attractive cathode material based on its good chemical stability, fast redox kinetics, and low activation energy for charge transfer relative to other organosulfur compounds. Unfortunately for its use in energy storage applications, it is not electronically conductive.
DMcT is a well-known metal chelating agent4 which has been employed in a surprising variety of other applications, e.g., antioxidation of lubrication oils,5 cancer inhibition,6
etc. The traditional structure of DMcT is shown in Scheme 1 with its basic forms. Spectroscopic measurement&' have shown that PKa1 = -1.36 and PKa2 = 7.5. The value of the first dissociation constant, PKa1, is uncommon for organosulfur compounds; PKa values of alkylthiol groups are typically near 10. 8 This unusually low PKa1 is apparently related to the fact that both of its thioamide groups are capable of assuming thiol and thione tautomer forms. 4'5" In order to characterize the redox processes operative in DMcT-based cathodes, shown generally in Scheme 2 (almost certainly the source of the high specific capacities measured for cathodes containing DMcT11), the fundamental structure and reactivity of DMcT have been examined recently in a variety of contexts.'22' To the best of our knowledge, the first reported voltammograms of DMcT (at basal-plane graphite electrode in acetonitrile and in a lithium cell) were included in reports from our laboratory regarding an interesting enhancement in current observed for DMcT when mixed with poly(aniline).21 The later efforts of another group resulted in the application of DMcT-modified carbon paste electrodes to voltammetric determination of bismuth in aqueous solutions. However, the first systematic study of the redox processes of DMcT was carried out with a gold electrode in propylene carbonate solutions.'2 For that system, oxidation of DMcT occurred as two waves, at 0.6 and 1.3 V, assigned (via titration with base) to oxidation of the thiolate and thiol groups, respectively, although the cause of the thiolate presence was not discussed. Electrochemical quartz crystal microgravimetry (EQCM) supported these assignments and furthermore indicated that oxidation at 1.3 V resulted in precipitation of oligomers onto the electrode and that the oligomers spontaneously dissociated upon reversal of the scan direction (attributed to an unknown but disadvantageous degradation in that case). Later, Genies and Picart'3 surveyed the redox response of DMcT at platinum electrodes in acetonitrile (a very poor proton-accepting medium'). They assigned anodic waves at 0.07 and 0.6 V to oxidation of the thiol and thiolate groups, respectively, i.e., ca. 600-700 mV negative of similar waves at gold. Also, they assigned for the first time reduction waves at -0.9 and -1.7 V to reduction of the first and second thiol groups of DMcT and showed that depolymerization of poly(DMcT) (in a carbon paste electrode) showed two reduction waves at -0.4 and -0.75 V, assigned to reduction of poly(DMcT) to the dimer dianion and of the dimer A following contribution" detailed voltammetry of DMcT in acetonitrile at glassy carbon, i.e., in solvent that presumably does not dissociate the protons of DMcT to any extent and at an electrode that has no measurable specific interactions with the redox species. That report assigned anodic waves, again using acid/base titration, at 0.1 and 0.9 V to oxidations of the thiolate and thiol groups, respectively, and a corresponding cathodic wave at -0.4 V to oligomer reduction. In another study,'9 the results of the original EQCM results (at gold in propylene carbonate)
were verified at carbon electrodes in acetonitrile to confirm that some unknown "degradation" occurs for electrochemically produced oligomer/polymer DMcT. Furthermore, taking the next step, that paper included ultraviolet-visible (UV/vis) spectroscopic evidence indicating that the degradation is due to spontaneous (dis)proportionation of poly(DMcT) to the dimer form when in acetonitrile solutions of monomer DMcT (and correctly asserted that this (dis)proportionation would in fact be advantageous to the use of DMcT as a cathode material).
Finally, a recent voltammetric study" of this system focused on using IJV/vis spectroscopy to establish the acid/ base chemistry which occurs between DMcT and triethylamine or pyridine and illustrating how that chemistry affects the observed voltammetry of the system. In that report, the anodic scan was limited to ca. 0.5 V, i.e., when the oxidation product was mostly dimer (of varying character) and thus soluble, and it included voltammograms of synthetically isolated L1DMcT, Li,DMcT, and dimer DMcTg although again under conditions when extensive oligomerization likely did not occur.
This contribution examines the voltammetry of the DMcT family of compounds under conditions where extensive polymerization and depolymerization does occur (anodic scans to 1.8 V and cathodic scans to at least -1.0 V), i.e., at potentials similar to (or more extreme than) those used in the actual batteries!' We have continued with the previous strategy'3'9'2' of using synthetically isolated derivatives to illustrate how protonation state affects the redox activity of these compounds. Furthermore, we explicitly include solubility studies of these compounds and illustrate how relative solubility affects the observed voltammetry. The structures and nomenclature of the compounds examined in this paper are shown in Scheme 3.
Analysis.-Solubilities of freshly prepared compounds were measured in extensively deaerated acetonitrile under argon atmosphere.
Cyclic voltammetry was performed at room temperature First, though, we note briefly that the tautomerizations possible for DMcT (discussed in detail in many reportsc) remain indistinguishable using cyclic voltammetry. Thus, in this contribution we employ the traditional "dimercaptan" structures and terms to describe DMcT and its derivatives. Potential (V vs. SSCE) at higher potentials is likely due to (dis)proportionation of the oxidation product" and is discussed in detail. Results of EQCM'5'1' and in situ Raman spectroelectrochemistry25 show that oligomer generated during this oxidation precipitates in part onto the electrode. In particular, recent EQCM results indicate that ca. 70% of the oxidized DMcT is deposited onto a carbon electrode. 19 However, in Fig. 1 , the coulombic efficiency of the oxidation-reduction couple was only, e.g., 10% when oxidized to 1.4 V. Thus it seems that while the entire mass of a deposited film may be measured using EQCM, only a small portion of the film is reduced in the voltammetry.
Reductive depolymerization of the precipitated films was observed during the reverse scans in Fig. 1 as a broad wave from ca. -0.2 to -0.8 V. The shape of this wave is more characteristic of the stripping of an amorphous, randomly deposited film than of a well-ordered one. The magnitude of the wave can be used to estimate the amount of polymer near the electrode surface. Thus, the data in Fig. 1 indicate that as the positive potential limit was increased and more polymer was generated, more precipitation occurred and larger reduction currents were observed.
Furthermore, after depolymerization, subsequent (and immediate) positive scans gave substantial oxidations at ca. 0.2 V (not shown), indicating that the reduction product to some extent consists of deprotonated monomer (a process which is not represented by Scheme 2). It is likely that during polymerization, when proton activity near the electrode is expected to be high (from Scheme 2), protons are transferred away from the electrode surface.
The extent of this polymerization also increases with the length of time the potential is held positive of ca. 1.0 V. To illustrate, six overlaid cyclic voltammograms are shown in Fig. 2 where the potential was held at 1.8 V for times ranging from 0 to 60 s. (The electrode was polished before each voltannnogram.) As the time held was increased, the reduction currents passed became larger in magnitude. Again, we have taken this to indicate that relatively more polymerization has occurred. Similar effects of polymerization time were observed during electrolysis at less positive potentials such as 1.2 and 1.5 V (not shown), and the overall reduction currents were correspondingly smaller, in agreement with the trend shown in Fig. 1 .
In Fig. 2 , the general shift in the reduction waves to negative potentials with increasing oxidation time probably reflects a complex and changing morphology of the films during deposition and subsequent oxidation. Possible origins of this potential shift include changes in electronic access to the insulating films, changes in polymer chain packing (and thus solvent content and ionic conductivity) of the films as they grow, and changes in the proton activity within the films. The combination of these (and likely other unknown) factors could lead to the observation of multiple reduction waves for polymeric films of oxidized DMcT. An initial assessment of the physical structure of these films using atomic force microscopy (AFM) and scanning electron microscopy (SEM) has been reported.'2 A more complete analysis is now underway.
As an aside, we have observed an interesting effect of electrode orientation on these polymerization currents. Voltammograms of downward-facing and upward-facing (but otherwise similar) glassy carbon electrodes in fresh 10 mM solutions of DMcT or LiDMcT show that upwardfacing electrodes pass about two times more oxidation current than downward-facing electrodes (data not shown).e The reason for this increase in oxidation current is not clear at this time. However, it appears that comparisons of solution electrochemical results for the DMcT system require clear statement of the physical orientation of the working electrode! This effect is a subject of continued interest in our laboratory.
In general, the data in Fig. 1 and 2 show that the extent of oxidative polymerization of DMcT at a glassy carbon electrode increases with increasing oxidation overpotential and/or time. Also, Fig. 2 shows for the first time that the redox response of the subsequently deposited film depends strongly on the duration of oxidation. Similar trends have also been observed for solutions of LiDMcT and Li2DMcT (in data not shown), although polymerization of LiDMcT was generally observed to occur much more slowly (vide infra).
Oxidative precipitation of oligomeric DMcT-It is reasonable to expect that during oxidative polymerization of DMcT, the chain length of the product increases while solubility decreases until precipitation occurs. In order to model this process and learn how it depends on the protonation state of the precipitating oligomers, the cyclic voltammetry of synthesized dimer DMcT and its dilithium salt, Li2-dimer DMcT, have been examined in acetonitrile. Figure 3 shows the cyclic voltammograms of a glassy carbon electrode in fresh 2 mM dimer DMcT ( Fig. 3a and b) and 10 mM Lirdimer DMcT ( Fig. 3c and d) solutions. For dimer DMcT, Fig. 3a shows (after a brief positive scan to 0.3 V) a negative scan to reduce the disulfide bond at -0.26 V to give the monobasic monomer followed by oxidation of this product at 0.05 V (based on previous assignments19 '20) . (Coulombic efficiency of this reduction-oxidation couple was ca. 70%.) Figure 3b shows an initial positive scan to 1.8 V, where oxidation of dimer DMcT was observed to occur in a wave between 1.0 and 1.05 V, which is (on average) about 60 mV positive of the oxidation potential of DMcT seen in Fig. 1 and 2 . The oligomer product of this oxidation readily precipitated onto the electrode and was reduced primarily at -0.51 V. In fact, after oxidation to only 1.0 V (not shown) appreciable stripping currents were measured. Clearly, oxidation of dimer DMcT results in more extensive precipitation than does oxidation of monomer DMcT. Because both waves of the redox couple shown in Fig. 3a are apparent in Fig. 3b (note the different current scales), the electrode is not fully blocked by the precipitated film, in qualitative agreement with the AFM and SEM results.'2 Also, this case clearly shows that reduction of precipitated films of oxidized dimer occurs at potentials negative of those for reduction of soluble dimer and/or oligomer. The redox processes which occur in Fig. 3a and b are depicted in Scheme 4.
We should also note here that after polymerization at upwardfacing electrodes, no currents due to reduction of either soluble dimer or precipitated oligomers could be measured down to -2.0 V, although oxidation currents could be observed in subsequent scans (i.e., the electrode did not appear to be passivated).
The electrode was faced down in all other studies reported here. These potentials are in agreement with previous reports (Ref. 13b and 19) which argued that oxidation of monomer DMcT proceeds stepwise, first to dimer and then to oligomer. However, even after scanning to 1.8 V, the reduction stripping wave indicative of a surface film is not seen.h Instead, a wave identical to the reduction wave seen in voltammogram c is observed. Apparently, oxidation of this solution does not result in appreciable precipitation onto the electrode under these conditions. The redox processes which occur during these scans are depicted in Scheme 5.
This trend in oxidative precipitation for DMcT and its derivatives is reflected by the relative bulk solubilities of these compounds in acetonitrile. Solubility of DMcT (ca.
Note that a small prereduction wave at -0.18 V does become apparent and increases in current as the positive potential limit is increased from 0.4 to 1. 
Chemical coupling of polymerization and depolymerization.-The electrochemical processes of DMcT are known to be coupled to two chemical reactions: (i) proton equilibria which occur between DMcT and added bases,2° and (ii) a (dis)proportionation reaction which occurs between poly(DMcT) and DMcT.'9 This section illustrates the effects of these two reactions on the polymerization and depolymerization of DMcT.
The reaction in Scheme 2 suggests that polymerization and depolymerization of DMcT is chemically coupled to the proton activity near the electrode surface. Such proton coupling is well known to occur for other 2H72e redox couples1626 such as those found in the hydroquinone,27'28 polyaniline,231 and mercaptan32'33 systems. Proton-coupling models16'26 predict that the apparent potential of a redox couple such as that shown in Scheme 2 should increase with increased proton activity and decrease with decreased proton activity. These predictions have been experimentally confirmed for other mercaptan systems in a quantitative fashion32 and qualitatively for soluble forms of DMcT.12'13"7°'25 Next we examine this effect for the polymerization/depolymerization processes of DMcT as well. reduction of soluble dimer is also apparent, previously assigned to the wave at -0.23 V20) The redox processes which occur during these scans are shown in Schemes 6, 7, and 8 (not assuming proton dissociation from the products).
The experimental conditions during measurement of the voltammograms in Fig. 5 were chosen to facilitate comparison of the reduction potentials of the polymer films formed under differing protonation states. Thus, for LiDMcT, the potential was held at 1.8 V for 2 mm in order to generate sufficient polymer on the electrode surface. + 2 e + Li ization of LiDMcT and of dimer DMcT can potentially release similar numbers of protons, since the precursors in both cases have one proton per ring. However, the number of protons which remain in the film vs. the number which are released into the solution should depend to some extent on the buffering capacity of the bulk solution, i.e., more protons should be buffered by the LiDMcT base than by dimer DMcT. Examination of Fig. 3b and 4b suggest that this is the case, based on observed reduction potentials (at -0.51 and -0.59 V for dimer DMcT and LiDMcT, respectively).
Furthermore, precipitation during oxidation occurs much more readily for the dimer DMcT solution (Fig. 3b) than for the LiDMcT solution (Fig. 4b ). This agrees with the conclusion made in the previous section that oxidized dimer DMcT is more readily precipitated than oxidized DMcT. The results here further clarifies that conclusion. Because the proton activities of the products resulting from oxidation of dimer DMcT and LiDMcT are apparently similar, this trend in precipitation may reflect only the oxidation state of the electroactive species.
Comparison of Fig. 4c and 3c and d shows that oxidation of reduced Li1-dimer DMcT (Fig. 3c) occurs in a wave at 0.12 V similar in potential and shape to the initial oxidative wave for Li2DMcT. This supports the expectation that reduction of Li2-dimer DMcT gives a dibasic DMcT product.
One process which remains unexplained relates to our observation that precipitation during oxidation of the DMcT solution (Fig. 4a ) occurs more readily than that for the LiDMcT solution (Fig. 4b) . Proton-coupling theory16'26'32 predicts the opposite behavior: oxidation of LiDMcT should occur at lower potentials than oxidation of DMcT (as is observed), resulting in more extensive polymerization for LiDMcT than for DMcT (which is not observed). Apparently, some other process possibly the disproportionation reaction described next is contributing significantly to oxidation and/or precipitation in one or both these cases so that the effects of proton coupling are not observed. We are now examining how small variations in proton activity of the solutions and/or nucleating character of the electrode affect the formation of these films.
We note in passing that it seems likely the oxidation product in Scheme 6 is even more acidic than DMcT. As the pK1 (-1.36) of DMcT is already fairly close to the dissociation constant of its conjugate acid (pKH÷ = -5.40), it is likely that oxidized DMcT may dissociate by protonating monomer DMcT) This point illustrates the importance of examining this system in a medium (acetonitrile) that does not accept protons easily.
Finally, it is important to acknowledge that the reactions shown in Schemes 2 and 6 (and the results of other studies131'21) suggest that proton activity near the electrode increased during oxidation of DMcT,'' thus increasing the subsequent oxidation potentials of both monomer and dimer DMcT. This process may be responsible in part for the unusual morphology of the oxidation waves which are observed at higher potentials in Fig. 4 , voltammogram a. However, a more likely source of that morphology is discussed next.
Regarding the second reaction, electronic spectroscopy'5 has shown that poly(DMcT) undergoes a (dis)proportionation reaction with monomeric DMcT so that the insoluble polymer disproportionates into soluble dimer, as depicted by the general equation in Scheme 9. The effect of this reaction is also apparent in QCM of this system,12'19 although how it manifests in the cyclic voltammetry observed for DMcT has not been previously reported. Figure 5 shows three voltammograms of a glassy carbon electrode in a fresh solution of 10 mM DMcT, where after oxidation at 1.5 V for 30s (in order to form substantial polymer films), the potential was held at 0.5 V for various times and then the films were reduced. (The electrode was polished between each scan.) As the time held was increased from 0 to 40 s (Fig. 5a to c) , the reduction currents at ca. -0.3 V decreased markedly until a much smaller but constant current was observed (for times greater than ca. 1 mm). Thus, as the time between formation and reduction of the film increased, the reduction peak current decreased. Clearly, this (dis)proportionation contributes to the low coulombic efficiencies observed for the polymerization/ depolymerization of DMcT (e.g., see Fig. 1, 2, and 4a ). It could also have an anomalous effect on the scan-rate dependence of the peak currents of these redox waves.
Furthermore, the hysteresis observed in the oxidation currents measured positive of ca. 1 V in Fig. 1, 2 This release of protons is apparent as small but distinct changes in the redox properties of solutions of DMcT after electrolysis at 1.8 V for times as short as 30 s.
In the actual cathodes, this process probably has a significant effect on the media surrounding DMcT. A similar loss of oxidized product was observed for polymer films formed by oxidation of Li2DMcT but not for LiDMcT. The latter films were found to be largely stable in solutions of monomer LiDMcT for at least 5 mm, in agreement with a previous report,19 although they could be easily removed from the electrode by agitation of the solution.
Explanation of this trend awaits elucidation of the reaction or reactions responsible for the observed dissolution. However, in general it appears that the direct extraction of kinetic data from voltammograms33 is likely to be erroneous for this system.
Reduction of monomeric DMcT.-Scheme 2 suggests that, in theory, after depolymerization the neutral DMcT monomer is regenerated. However, the thiol group(s) of this monomer can be further reduced in acetonitrile.lSb Figure 6 shows the initial negative scan of a glassy carbon electrode in fresh solutions of 10 mM DMcT, 10 mM LiDMcT, and ca. 1 mM Li2DMcT. Diffusion-controlled reduction at -1.6 and at -2.3 V corresponds to reduction of the thiol groups of DMcT and LiDMcT, as shown in Scheme 10 and assigned previously,130 supported by the absence of any reduction currents for the fully deprotonated Li2DMcT. Similar reductions have been previously reported at -0.9 and -1.7 V, respectively, at platinum electrodes.130 The first reduction has been observed at carbon using electronic spectroscopy. 19 In Fig. 6 , the relative magnitudes of these reduction currents reflect fast proton equilibria between the reduction products and the bulk solutions during the time scale of the scan.
The potential difference between the two reductions is ca. 700 mV. Difficulty in reducing the second thiol could originate from electronic induction from the first anionic site across the ring or from difficulties in solvation of the dianion product by acetonitrile. Discussion of the electronic structure of DMcT is not straightforward9'102034 and is not attempted here. Regarding solvent effects, we only note that, in general, formation of Li2DMcT is not favored in acetonitrile, as reflected by trends in reductions of the dimer species shown in Fig. 3 , in bulk solubilities of these species, and in the lower potential at which Li2DMcT is oxidized as compared to LiDMcT (Fig. 5) .
Implications for battery cathodes based on DMcT. A generalized but convenient representation of the electrochemical results of this study is shown in Fig. 7 . Here the oxidation and reduction processes typical of DMcT (in acetonitrile) are graphically located along a potential scale relative to both the Li/Lit and the SSCE reference couples.
It has been widely stated that the redox process of DMcT are too slow at room temperature to be of practical use ence (AEa,e 1.2 to 1.5 V) between the anodic and cathodic peaks for DMcT (reported elsewhere23'4° and illustrated in Fig. 7) . The first and most important result of this contribution is to demonstrate that this large peak separation (i.e., electrochemical irreversibility) is due to (i) proton dissociation during or after oxidation of the thiol group and (ii) subsequent precipitation of the product to form electronically insulating films on the electrode surface. As shown in this contribution, both processes are avoidable.
Fairly reversible couples are observed for this system when deliberate control of protonation state and solubilitr of the electroactive species is exercised. Consequently, dramatically different features are observed for dimer DMcT in Fig. 3a , where AEac 0.3 V. Likewise, well-behaved redox couples have been observed for LiDMcT,2° a methyl derivative of DMcT,1° and poly(DMcTf7 when care was taken to control solubility and proton content. The traits of these quasi-reversible couples are comparable to the redox couples of conducting polymers such as poly(pyrrole),4' which have been shown to be suitable for uncatalyzed use in cathodes for secondary lithium batteries.41'42 Thus, in the practical devices, it appears that achieving sufficient electronic access to the organosulfur redox couple is more critical than electrocatalyzing it.
Therefore, the redox processes of the DMcT system are not necessarily too slow to be of practical use at room temperature. In light of the redox potential and solubility trends described, detailed kinetic studies can now be performed using the appropriate, unreactive (e.g., carbon) electrodes.
Another result of this study is that it is now clear that tailoring the proton content of the cathode should allow some control of the charge/discharge processes of the cell.
For instance, Fig. 3 suggests that the voltage of the cell should increase with increased proton content of the cathode. (Although in terms of the gravimetric energy density of such cells, this advantage is outweighed by the drawback of requiring more mass (in the form of electrolyte anions) to charge the cathode,38 similar to p-doped conducting polymers.41'42) In general, however, this type of control is dependent on an ability to prevent protons from exiting the cathode via either protonation of the cathode/electrolyte interface, transport via mobile bases to the anode, and/or reduction to hydrogen gas. Of more immediate importance is the observation that reduction of dimer DMcT occurs at a potential significantly more positive than that for the reduction of Li2dimer DMcT. This confirms the assertion of Genies and Picart'31' that reduction of poly(DMcT) (in the absence of a proton source) can occur in two steps: reduction of oligomers to the dibasic dimer and then, at more negative potentials, reduction to the dibasic monomer. If observed in the composite cathodes, this may have a significant effect on the discharge processes of these cathodes. 136 In a related context, the graph in Fig. 7 shows that direct reduction of DMcT thiol groups by lithium metal (Scheme 11) is energetically the least favored reduction for this system, occurring at potentials negative of the usual discharge limit of these cells.44'45 However, as this process is likely irreversible in the cathodes and because conductivity at the cathode/current collector interface is probably not homogeneous, it is possible that appreciable reduction occurs within the actual cathodes.
If thiol reduction does occur in practical devices, then this provides another mechanism (in addition to direct transport of protons by the solvent) via which the DMcT In this case, retention of the oxidized species in solution allows reversibility of the redox couple. In the cathode films, we expect that a similar effect is provided when conductivity in the solid films is constant and homogeneous. used in the cathodes could be converted to mono-and/or dibasic DMcT and hydrogen gas upon discharging the cell (further complicating any deliberate control of the proton activity of these cathodes). Note that either process would result in the observation of abnormally high discharge capacities during the initial cycles, due to the electron and ion transfer inherent to the cell reaction in Scheme 11, until a steady state was reached, followed by a lower more stable discharge capacity due to the redox activity of the 2RS/RSSR couple at some steady-state proton activity. In fact, such behavior has been observed in the discharge curves of DMcT/poly(aniline) cells.44'45 These issues are explored in detail in the next paper in this series.
Finally, some less general conclusions can be drawn from this study. We discuss three here. The first relates to the disproportionation of the oxidized DMcT when in the presence of monomer DMcT, shown in Fig. 5 and Scheme 9. This disproportionation effectively supports the possibility of hole migration in bulk DMcT,19 where oxidized units (ie., disulfide bonds) could be progressively reduced by electrons so that any isolated domains of DMcT would be oxidized. Exactly how this process depends on proton activity and whether it occurs in practical devices remain to be seen.
Another possibility relates to the large changes in solubility which are characteristic of DMcT in its various protonation and oxidation states. These variations in solubility potentially could cause changes in the solvent content of the cathodes to accompany changes in the proton-coupled redox process discussed. Examination of these issues requires the survey of the general redox processes and solubilities of DMcT and its derivatives given previously, and a careful accounting of the solvent and proton content of the cathodes during charging and discharging, an effort which is now underway.
Last, the polymerization processes of DMcT, shown in Scheme 2 and illustrated throughout this paper, clearly resuits in a physical segregation of DMcT from its surrounding media. If such segregation occurs during charging of the actual cathodes, electronic access to the organosulfur during discharging could be severely diminished. (Low discharge rates, observed in general for these cathodes,45 would be one result.) Examination of the physical distribution of these composite cathodes is now underway in our laboratory.
Conclusions
Trends in redox potential and solubility for DMcT in acetonitrile were identified in this contribution. Specifically:
1. The extent of oxidative polymerization of DMcT at a glassy carbon electrode was found to increase with increasing oxidation overpotential and/or oxidation time, as judged from quasi-stable polymer reduction peaks. 2. Oxidation of dimer DMcT resulted in considerable precipitation onto the electrode, in accordance with the changes in solubility expected during oligomerization of DMcT. Oxidation of the dilithium salt of the climer did not result in appreciable precipitation, illustrating the strong dependence on proton activity typical for these processes.
3. Polymerization and depolymerization of DMcT were shown to have the general dependence on proton activity predicted by proton-coupling models.16'26 Precipitation during polymerization was strongly dependent on both the oxidation and protonation state of the electroactive species. Dissolution of polymer DMcT in the presence of monomer was shown to significantly decrease the depolymerization (reduction) currents for films of poly(DMcT) and likely contributes to the hysteresis typically observed during anodic scans of this system. 4. Reduction of monomer DMcT was shown to occur at -1.6 and -2.3 V for the first and second protons, respectively, and at -2.3 V for the single proton of LiDMcT.
5. The implications of this study were discussed in view of the employment of DMcT in composite cathodes for use in secondary lithium cells. The trends in redox potential and solubility shown in this study suggest that under certain conditions the redox processes of DMcT can occur at suffi-cient rates to be of (uncatalyzed) practical use at room temperature. Also, it was argued that the proton content of the cathode should determine its charge/discharge characteristics. Solution reduction potentials showed that lithium metal can in theory reduce the protons of DMcT, possibly complicating deliberate control of the proton content.
Finally, correlations regarding hole migration, solvent content, and physical distribution in the cathodes were drawn.
Overall, this study represents an effort to describe in general how the protonation state and solubility of DMcT affects its polymerization and depolymerization and what the implications are for DMcT-containing cathodes. The results reported suggest some obvious further studies on this complicated system, particularly regarding the physical and chemical characteristics of electrogenerated oligomeric
DMcT and the role of the electrode surface character in precipitation of that species.
